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Abstract
Pregnancy is characterized by maternal systemic and intrarenal vasodilation, leading to
increases in the renal plasma flow (RPF) and glomerular filtration rate (GFR). These
responses are mainly mediated by nitric oxide (NO) and relaxin. The impact of cigarette
smoking on the maternal adaptations to pregnancy is unclear. Here we evaluated the
effects of chronic exposure to nicotine on systemic and intrarenal parameters in virgin (V)
and 14-day pregnant (P) Wistar rats. V and P groups received saline or nicotine (6 mgkg-
1day-1) respectively, via osmotic minipumps for 28 days, starting 14 days before pregnancy
induction. Nicotine induced a 10% increase in blood pressure in the V group and minimized
the characteristic pregnancy-induced hypotension. Renal sympathetic nerve activity (rSNA)
and baroreflex sensitivity were impaired by nicotine mainly in the P group, indicating that
the effect of nicotine on blood pressure was not mediated by nervous system stimulation.
Nicotine had no effect on GFR in the V rats but reduced GFR of the P group by 30%. Renal
expression of sodium and water transporters was downregulated by nicotine, resulting in
increased fractional sodium excretion mainly in the P group, suggesting that nicotine com-
promised the sodium and water retention required for normal gestation. There was a reduc-
tion in the expression of inducible NO synthase (iNOS) in both the kidney tissue and renal
artery, as well as in the expression of the relaxin receptor (LGR7). These results clearly
show that nicotine induced deleterious effects in both virgin and pregnant animals, and abol-
ished the maternal capacity to adapt to pregnancy.
Introduction
A normal pregnancy is characterized by maternal adaptations that include an increase in car-
diac output with peripheral and intrarenal vasodilation. In addition, these adaptations are fol-
lowed by an 80 and 50% rise in the renal plasma flow (RPF) and glomerular filtration rate
(GFR), respectively [1]. Relaxin, estrogen, prostaglandins and nitric oxide (NO) modulate
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these adaptations [2–5]. Pregnancy also imposes a necessary expansion of the extracellular vol-
ume (ECV) by sodium and water retention via mechanisms involving changes in the expres-
sion of tubular transporters. We recently demonstrated that the expression of renal
transporters including the Na-Cl and Na-K-2Cl cotransporters, Na-H exchanger, and aqua-
porin 2 is increased during pregnancy in rats [6, 7].
Despite the increasing number of antismoking campaigns, the World Health Organization
(WHO) currently estimates that smoking accounts for about 6 million deaths worldwide each
year [8]. Nicotine is an alkaloid that is systemically absorbed and subsequently distributed to
several organs including the kidney, which is responsible for 30% of its metabolism. In humans,
80% of nicotine is converted into cotinine by two main enzyme mechanisms, which are the
cytochrome P450 (CYP) and cytosolic aldehyde oxidase [9, 10]. In the CYP pathway, nicotine
is metabolized to cotinine by the enzyme CYP2A6 primarily in the liver. In the rat kidney, the
main isoform responsible for nicotine metabolism is the CYP1A1/2 [9, 11, 12]. Nicotine
metabolism is influenced by numerous factors such as age, sex, and genetic background, as well
as pregnancy, which increases its metabolism [9, 10, 12–15].
The effects of nicotine on renal function are not clear. Acute nicotine administration resulted
in an increase in renal vascular resistance, with a reduction in RPF and GFR [16–18]. Moreover,
chronic smokers were shown to develop microalbuminuria with a rapid progression to protein-
uria, due to thickening of the glomerular basement membrane and endothelial cell activation [16,
19]. On the other hand, other studies suggest that nicotine-induced proteinuria has a tubular ori-
gin since albuminuria has not been detected [20]. In addition, it has been suggested that chronic
exposure to nicotine induces tolerance, which attenuates these effects [14, 16].
Nicotine and cotinine cross the fetoplacental barrier and are concentrated in the amniotic
fluid, umbilical cord, and fetal circulation [21–23], reaching levels up to 10-fold higher than in
the maternal circulation [16, 24]. Although the deleterious effects of nicotine on fetal develop-
ment have been extensively investigated, few studies have focused on the maternal organism,
especially on relevant maternal adaptations to pregnancy. Therefore, this study evaluated the
effects of chronic nicotine exposure before and during pregnancy on the maternal systemic cir-
culation, sympathetic vasomotor modulation of the kidneys, and renal function. We discovered
that nicotine abolished the systemic and intrarenal adaptations to pregnancy. Furthermore, the
reduction in the expression of relaxin receptors and inducible (i) NOS in the kidney may be the
main factors responsible for these effects.
Methods
Experimental Protocol
Adult virgin femaleWistar rats (200–250 g) were obtained from the Animal Care Facility
(CEDEME) of the Federal University of São Paulo, and the experimental protocol was approved
by and followed the guidelines of the Ethical Committee of the Federal University of São Paulo
(1818/2009). The animals had free access to standard rat chow and tap water and were main-
tained in a temperature-controlled environment (23°C) on a 12-h light/dark cycle. The rats were
pair-housed with an adult male Wistar rat for 2–3 days with daily vaginal examinations up to the
day sperm was first detected in the vaginal smears, which was considered pregnancy day 1.
Saline or nicotine (6 mgkg-1day-1) was administered via subcutaneously implanted osmotic
minipumps (2ML4 model, Alzet Pumps, Cupertino, CA, USA), as previously described [25].
This daily dose is similar to the amount of nicotine contained in approximately 15 cigarettes
[26]. The animals were allocated to four groups and treated for 28 days as follows: virgin rats,
treated with saline (V) or nicotine (VN) and 14-day pregnant rats treated with saline (P) or nic-
otine (PN). In the pregnant group, nicotine administration started 14 days before pregnancy
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induction and continued during 14 days of pregnancy when the animals were euthanized and
systemic and renal parameters were evaluated. This period of pregnancy was used since it is
characterized by more pronounced changes in the renal function in rats with highest levels if
GFR and RPF [27].
After treatment, the rats were anesthetized with ketamine and xylazine (40 and 20 mg/kg,
respectively) and their femoral arteries were catheterized for mean arterial pressure (MAP)
recording using direct registration with the Power Lab system (ADInstruments, New South
Wales, Australia). Renal sympathetic nervous activity (rSNA) was also measured in the same
animals.
In addition, 24-h urine collection was performed using metabolic cages in another set of ani-
mals (n = 6 per group). After urine collection, the rats were anesthetized with ketamine and
xylazine (40 and 20 mg/kg, respectively) for blood sampling while the kidney and renal arteries
were removed and immediately frozen at -80°C until used to estimate the mRNA and protein
expression levels and for immunostaining experiments. Plasma and urinary concentrations of
cotinine were determined using a specific kit (BQ096D, BQKits Inc. San Diego, California,
USA) following the manufacturer’s instructions. Creatinine and urinary protein concentration
were measured using specific kits (Labtest and Sensiprot, Labtest Diagnostica, Lagoa Santa,
MG, Brazil). Plasma and urinary sodium and potassium were estimated using a flame photom-
eter (B462 Micronal, São Paulo, SP, Brazil).
Measurement of MAP and rSNA
Left femoral artery was catheterized under ketamine (40 mg/kg) and xilazine (20 mg/Kg) anes-
thesia. Animals were allowed to recover and 24 hr after catheterization, blood pressure was
assessed in conscious rats. After BP measurements and a period of stabilization, the rats were
slowly anesthetized with urethane (1.4 g.kg-1, iv), which is known to preserve the rSNA and
blood pressure basal values [28] that did not differ from those obtained under other anesthetic
such as barbital sodium [29]. The mean arterial blood pressure (MAP) and heart rate (HR)
were then obtained from the pulsatile blood pressure and were “on line” recorded using a
PowerLab equipment (ADInstruments, Australia). A left retroperitoneal incision was made to
expose the renal sympathetic nerve, which was carefully dissected and separated from the renal
artery and vein and other adjacent tissues. After dissection, the renal nerve was placed on a
platinum electrode in a bipolar configuration, immersed in mineral oil throughout the experi-
ment. The renal nerve signal was visualized with the aid of an oscilloscope (TDS 220, Tektronix
Inc. Beaverton, OR, USA), and the noise of the activity was assessed using an audio amplifier.
The nerve activity was amplified 20.000X (Neurolog, Welwyn Garden City, UK) using a filter
with a frequency range 100–1000 Hz. During the experiments, the SNA was rectified and inte-
grated online while the neural activity was analyzed offline using the appropriate software
spike histogram (ADInstruments). The responses of the rSNA to various stimuli were
expressed as the percentage of change compared with the basal value obtained immediately
before each test. For this purpose, the raw nerve signal was passed through a spike discrimina-
tor (PowerLab, ADInstruments) to remove background noise, and the total nerve activity was
expressed as spikes/s, computed from the time it changed from the basal value (spikes/s over a
60-s period) to when it returned to basal level. Only experiments in which the level of back-
ground noise was confirmed at the end of the experiments following hexamethonium (30 mg/
Kg, IV, Sigma) are included in this report.
All recordings were acquired at a sampling frequency of 2 kHz. At the end of the experi-
ment, the rats were administered 5% potassium chloride (KCl) and considered dead after a car-
diac arrest was observed.
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Analysis of the Baroreceptor Control
The control of the rSNA by arterial baroreceptors was verified by analyzing changes in the
activities of renal sympathetic nerve in response to MAP variations induced by vasoactive
drugs. For the renal baroreflex analysis, phenylephrine (100pg/ml) and nitroprusside (200 pg/
ml) were infused at a rate of 0.2 ml/min and 0.1 ml/min respectively, with 20–25 min intervals
between drugs. The arterial baroreceptor-mediated control was estimated by plotting the
reflected variations of rSNA(spikes/s) in response to increases or decreases in the MAP, and
was expressed as pps/mmHg [30]. Furthermore, linear regression curves were constructed
from these data, and the slope of these lines was calculated, as previously reported [31].
mRNA expression levels
The mRNA expression levels were estimated using quantitative real-time polymerase chain
reaction (qPCR) using a Gene-Amp 5700 System (Applied Biosystems, USA). Total RNA was
purified from the renal cortex and renal artery tissue using the phenol and guanidine isothiocy-
anate-cesium chloride method (Trizol, Life Technologies, Carlsbad, CA, USA). The cDNA was
synthetized as previously described [6] in the presence of DNAse (Promega, Madison, WI,
USA) to exclude genomic DNA contamination. The primers were designed and chosen based
on their efficiency using a proper software (Primers express, Applied Biosystems, USA). The
following primers were used: β-actin (5'-cctctatgccaacacagtgc-3' and 5'-acatctgctggaaggtggac
-3'), Na+/K+/2Cl- cotransporter (BSC, 5'-agaaacggtgttcgggcctc-3' and 5'-tctgtcatcctaagtggacac
tg-3'), Na+/H+ exchanger (NHE3, (5'-ttggggtacttccaaggcag-3' and 5'-agagtgtcaaagggttccac-3'),
epithelial sodium channel (ENaC, 5'-cttacgggttgaacaccacca-3' and 5'-ttgcagaaccacagagcctc
ta-3'), renal potassium (K+) channel (ROMK2, 5'-acaggactttgagctggtggtctt-3' and 5'-ttcccttcc
ttggtcttggacaca-3'); aquaporin (AQP) 1 (5'-actcgcttggccgcaatgac3-' and 5'-gctgagccaccaaggtcac
g-3'), AQP2 (5'-ccacgctcctttttgtcttc-3' and 5'-gtccccacggattcctact-3'), relaxin receptor 7 (LGR7,
5'-tgggctcattggccgttctg-3' and 5'-actccattcgtgccgtagtag-3'), extracellular (e) NOS (5'-tcactgtagc
tgtgctggcataca-3' and 5'-gcaagttaggatcagctggca-3'), iNOS (5'-aggtgttcagcgtgctccag-3' and
5'-agttcagcttggcggccacc-3'), and the nicotine metabolizing enzyme, CYP1A1 (5'-tggccacttc
gaccctttcaagta-3' and 5'-tgactatgctgagcagctcttggt-3'). A tube containing water instead cDNA
was used as negative control.
The PCR product accumulation was monitored using SYBR Green I intercalating dye
(Molecular Probes, Eugene, OR, USA), which exhibits higher fluorescence following its binding
with double stranded DNA. The mRNA expression levels were normalized to β-actin expres-
sion, and the results are expressed in arbitrary units.
Immunohistochemistry
The rat kidneys were embedded in paraffin, cut into 4-mm slices, and mounted on silanized
slides. The sections were then deparaffinized and rehydrated with decreasing concentrations of
alcohol. Antigen retrieval was performed with Tris- ethylenediaminetetraacetic acid (EDTA)
buffer pH 9.0 (10 mM Tris and 1 mM EDTA, Sigma-Aldrich Corp., St. Louis, MO, USA) while
the endogenous peroxidase was blocked with 3% hydrogen peroxide (Merck, Brazil). Then, the
slices were incubated with a blocking protein (Dako, USA) to avoid unspecific bindings. The
sections were then incubated with the relaxin receptor (LGR7) antibody (goat polyclonal, 1:100
dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 12 h at 4°C. After washing in
phosphate-buffered saline (PBS), the slides were incubated with horseradish peroxidase
(HRP)-polymer conjugate (Dako, Real Carpinteria, CA, USA). The bound antibody was visual-
ized using diaminobenzidine (DAB) dye (Dako, Real Carpinteria, CA, USA) and counter-
stained with hematoxylin (Merck, Taquara, RJ, Brazil). The analysis was performed using a
Nicotine and Maternal Adaptations to Pregnancy
PLOS ONE | DOI:10.1371/journal.pone.0150096 February 25, 2016 4 / 15
light microscope (Leica Imaging Systems) and the stained proteins were quantified using the
Corel Photo-Paint program and a quantitative analysis software developed at the University of
Texas (Image Tool, UTHSCSA).
Renal Function
The GFR was evaluated in conscious rats using a fluorescent-labeled inulin clearance method
with fluorescein isothiocyanate (FITC-inulin, Sigma-Aldrich Corp., St. Louis, MO, USA), as pre-
viously described [32]. In brief, FITC-labeled inulin was diluted with 1.5% saline and protected
from light. To remove the residual free FITC, the solution was dialyzed using a 1000 Da cut-off
dialysis membrane (Spectra/Por1 7 MembraneWR Research, USA). The animals were anesthe-
tized with ketamine and xylazine (40 and 20 mg.kg-1, respectively), and their femoral veins were
catheterized with a PE10 catheter connected to a PE50 catheter, which was subcutaneously tun-
neled out to the dorsum, exteriorized near the shoulder girdle, fixed, and then closed with metal
pins. A period of 24 h was allowed to elapse to blunt possible unwanted effects of the anesthetic
during the experiment. Approximately 1 mL of the FITC-inulin solution was infused via the fem-
oral vein, and then blood samples were collected via a small cut at the tip of the tail in pre-estab-
lished intervals (1, 3, 7, 10, 15, 25, 35, 55, 75, 95, 125, and 155 min). The samples were
immediately transferred to a dark microplate containing HEPES buffer (500 mM, pH 7.5) and
the fluorescence was measured at 496 and 520 nm excitation and emission wavelengths, respec-
tively using a plate reader (Spectra Max, Molecular Devices, Sunnyvale, CA, USA). The inulin
clearance rate was calculated using data analysis as described by Gabrielsson andWeiner [33].
Statistical Analysis
The results are presented as the mean ± standard error (SE) and the data were evaluated using
a two-way analysis of variance (ANOVA) followed by the Tukey’s post hoc test. When appro-
priated, the Student t test was used to compare the effect of pregnancy independently of the
nicotine exposure. Statistical significance was defined as p<0.05.
Results
Nicotine Metabolism
The presence of cotinine in animals treated with nicotine indicated the efficient release of nico-
tine through the osmotic minipumps. The plasma cotinine concentration was similar between
virgin and pregnant rats; however, urinary excretion of cotinine was higher in pregnant ani-
mals (Fig 1A). The CYP1A1 enzyme was constitutively expressed in the kidneys, and the
mRNA levels significantly increased in the kidneys of the untreated (control) P rats compared
to the V group (Fig 1B). This observation suggests that this enzyme may play a role in modulat-
ing the renal metabolic rate during gestation. Interestingly, chronic exposure to nicotine
completely abrogated this increase in the PN group.
Cardiovascular and Autonomic Function
Fig 2A shows that pregnant rats presented lower levels of MAP compared to the virgin rats,
according to the expected hypotensive effect induced by pregnancy. Nicotine induced a signifi-
cant increase in the MAP in virgin but not in the pregnant rats; however, the decline in MAP,
which is typical of gestation, was minimized by nicotine since the MAP of PN group was statis-
tically similar to V group. Heart rate was unchanged among groups (data not shown). The P
group animals presented no significant alterations in the rSNA compared with those in the V
group. In contrast, the baroreflex sensitivity was lower in rats in the P group than it was in
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those in the V group. Unexpectedly, nicotine reduced the rSNA in both PN and VN group rats
(Fig 2B), and this reduction was followed by a decreased in baroreflex sensitivity for rSNA con-
trol in both nicotine-treated groups (Fig 2C).
Glomerular and Tubular Function
The GFR was increased in the P group of rats, which reflected the typical maternal response to
pregnancy (Fig 3A). Nicotine had no effect on GFR level of the VN group, but the hyperfiltration
induced by pregnancy was minimized by the nicotine exposure. GFR in PN group was similar to
V group. Nicotine induced a slight but significant increase in proteinuria in both groups (Fig 3B).
Despite exhibiting a higher GFR than the other groups, the fractional excretion of sodium and
potassium was not changed in the control P group (Fig 3C and 3D), indicating a higher tubular
reabsorption. Nicotine did not alter fractional excretions of Na and K in the VN and in PN
groups, in spite of a tendency of both FENa and FEK to increase in the PN group.
The increased sodium reabsorption observed in the P group rats was likely caused by the rise
in the mRNA expression levels of NHE3, as shown in Fig 4. The mRNA levels of the distal sodium
transporter, BSC, were not altered by pregnancy or nicotine. However, pregnant animals that
were administered nicotine displayed an impressive reduction mainly in the NHE3 but also in the
BSCmRNA expressions. There was a discrete but significant reduction in the K channel isoform
ROMK2 in the PN group. The levels of AQP1 were not significantly altered among groups, how-
ever there was an impressive increase in the AQP2 levels in the control P group (Fig 4). Further-
more, nicotine significantly decreased the expression of AQP2 to levels near the control V group.
Vasodilator Hormone Activity
The main rat relaxin receptor (LGR7) was overexpressed in the kidney cortex and medulla of
the control P group animals. Interestingly, while nicotine exposure induced an increase in
Fig 1. (A) Cotinine levels (μg/mL) in plasma and urine (n = 6group). (B) mRNA expression levels of
cytochrome P450 (CYP) 1A1 enzyme in renal cortex (n = 8/group); *p<0.05 and #p<0.05 vs virgin nicotine-
treated (VN) and pregnant (P) groups, respectively.
doi:10.1371/journal.pone.0150096.g001
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LGR7 expression in the VN group animals, it drastically reduced it in the PN group rats
(Fig 5).
The activity of NO was investigated by determining the expression levels of the iNOS in the
kidney and renal artery. Although the iNOS mRNA expression was not changed by pregnancy,
nicotine significantly reduced the expression of this isoform in both the cortex and renal artery
of the P group rats (Fig 6).
Discussion
The present study analyzed the systemic and renal changes induced by nicotine in pregnant
and virgin rats. Furthermore, we also investigated the influence of pregnancy on the main path-
ways for the metabolism of nicotine to cotinine via the CYP1A1 enzyme. Similar amounts of
cotinine were found in the plasma of both VN and PN group rats exposed to nicotine. How-
ever, cotinine concentrations were higher in the urine of pregnant rats than they were in virgin
rats, suggesting that there was an increased nicotine metabolism during pregnancy. Interest-
ingly, CYP1A1 was upregulated in the kidney of the control P group rats, suggesting a role for
this enzyme in modulating metabolism during normal pregnancy. CYP1A1 is involved in the
metabolism of xenobiotics, drugs, and endogenous hormones including those related to
Fig 2. Systemic parameters (A) Mean Arterial Pressure (MAP), comparison between Pregnant and Virgin
groups was done by using the Student t test. (B) Direct registration of renal sympathetic nerve activity (rSNA)
expressed in spikes/s. (C) Baroreceptor reflex of rSNA in response to decrease MAP induced by acute
administration of sodium nitroprusside (5, 15, and 20 mg.kg-1, depressor responses) and increased MAP
induced by acute administration of phenylephrine (3, 5, and 10 mg.kg-1, pressor responses,4MAP/rSNA);
n = 7/group, *p<0.05 and #p<0.05 vs virgin (V) and pregnant (P) groups, respectively.
doi:10.1371/journal.pone.0150096.g002
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pregnancy such as estradiol [34]. In addition, CYPA1 regulates the metabolism of pregnancy-
induced vasodilators such as arachidonic acid derivatives [35] and NO [36, 37] that are critical
in the regulation of vascular tone and cardiac function. Fatty acids are increased in the mater-
nal circulation [38] and CYP1A1 metabolizes polyunsaturated fatty acids (PUFAs) to vasodila-
tors including NO from omega-3 PUFAs [37] and aracdonic acid from omega-6 PUFA [39].
Tobacco xenobiotics cause various effects on CYP1A1 expression and activity depending on
the cell type and the compound. In the present study, we found that nicotine significantly
reduced the renal expression of CYP1A1 in the P group, whereas the levels in V group rats
were not affected. These results suggest that nicotine may compromise the function of
CYP1A1 in maternal adaptation to pregnancy, particularly in the kidney.
As expected, MAP was reduced in the control P group compared to the V group rats, as a
sign of the gestational maternal adaptation [1, 40, 41]. The reduction in MAP is caused by sys-
temic vasodilation, which is in turn a consequence of the relative insensitivity of the maternal
vascular smooth muscle cells to vasoconstrictor agents including angiotensin II and norepi-
nephrine, together with an increase in the synthesis of vasodilators such as NO and relaxin. In
addition, the baroreflex sensitivity was attenuated in pregnant animals, and this behavior has
been well described in many species including humans [42]. Consequently, pregnancy may
favor the development of orthostatic hypotension and reduce the ability to maintain arterial
pressure during hemorrhage [43]. Here, we observed that the pregnancy-induced baroreflex
impairment was aggravated by nicotine.
The rSNA was unchanged in the control P group compared with the V group rats. However,
analysis of the rSNA showed reduced basal activity in both groups exposed to nicotine com-
pared to their untreated controls possibly as a compensatory mechanism mediated by arterial
Fig 3. (A) Creatinine clearance estimated by fluorescein isothiocyanate (FITC)-labeled inulin method (mL/
min) (n = 7/group); (B) Proteinuria mg/24 h. (C) Fractional sodium excretion (FENa%) (D) Fractional
potassium excretion (FEK%); n = 6/group, *p<0.05 vs virgin (V) group.
doi:10.1371/journal.pone.0150096.g003
Nicotine and Maternal Adaptations to Pregnancy
PLOS ONE | DOI:10.1371/journal.pone.0150096 February 25, 2016 8 / 15
baroreceptors that control rSNA that apparently do not exhibit short-term resetting[44].
Results obtained from different experimental protocols have shown similar effects of nicotine
on MAP in non-pregnant animals [16–18, 45–48] and humans [49, 50]. The hypertensive
effects of nicotine have been linked to a direct stimulation of the sympathetic nervous system
via excitatory nicotinic receptors, resulting in increased peripheral resistance [14, 46, 47, 51].
Normal pregnancy is characterized by increased blood volume, which is a fundamental
requirement for adequate blood supply to the fetus. The expansion of the extracellular volume
is primarily determined by renal sodium and water retention mediated by the upregulation of
the water channel AQP2 [52] and the main sodium tubular transporters [7]. Indeed, in the
present study we observed an upregulation of the NHE3 and AQP2 mRNAs, suggesting they
play a role in the sodium and water reabsorption in the control P group. The mechanism
responsible for this upregulation during pregnancy is not known, but we have previously
found that the relaxin receptor, LGR7, was highly expressed in the apical membranes of the
proximal tubules (6), suggesting that the action of relaxin may go beyond the intrarenal vasodi-
lation and could interfere with proximal tubular reabsorption (50). Nicotine had no effect on
the expression of the tubular transporters in the virgin rats, but, in contrast, it caused a signifi-
cant reduction in the expression of NHE3 and AQP2 in pregnant rats, indicating that nicotine
may compromise the tubular capacity to reabsorb sodium and water during pregnancy.
Fig 4. mRNA expression levels of tubular transporters (A) Na+/H+ exchanger (NHE3), (B) Na
+/K+/
2Cl-cotransporter (BSC), (C) epithelial sodium channel (ENaC), (D) potassium channel (ROMK2), (E).
Aquaporin (AQP) 1, and (F) AQP2; n = 8/group, *p<0.05 and #p<0.05 vs virgin (V) and pregnant (P) groups,
respectively.
doi:10.1371/journal.pone.0150096.g004
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Interestingly the downregulation of NHE3 was paralleled by a reduction in the LGR7 expres-
sion in the proximal tubule. Taken together, these observations suggest that sodium reabsorp-
tion by the proximal tubule in pregnant animals could be at least in part, stimulated by relaxin
via LGR7, however, the capacity of relaxin to increase the gene expression of NHE3 deserves
additional studies.
Altered tubular function and glomerular hyperfiltration are among the hallmark renal phys-
iological changes that characterize a healthy pregnancy in humans[53] and animals [54, 55].
Indeed, the pregnant animals in this study presented with a more elevated GFR than the virgin
rats did. Nicotine had no effect on the GFR of the V group; however, it prevented the preg-
nancy-induced glomerular hyperfiltration. The pregnancy-associated vasodilation, glomerular
hyperflow, and hyperfiltration are substantially determined by relaxin [56, 57], which is the
vasodilator hormone secreted by the corpus luteum during pregnancy. We observed previously
that LGR7 was highly expressed in the tubules and renal arteries of pregnant rats [6]. This find-
ing was confirmed in the present study with the increased LGR7 immunostaining observed in
the renal cortex and medulla of the pregnant compared with non-pregnant rats. Furthermore,
LGR7 upregulation was severely affected by nicotine exposure, suggesting that an impairment
in the relaxin signaling in pregnant animals may be responsible, at least in part, for the reduc-
tion in GFR. Therefore, the lower GFR in pregnant rats consuming nicotine constituted
Fig 5. Expression of relaxin receptor (LGR7) (A) Representative immunohistochemical analysis showing
distribution of LGR7 in renal cortex and medulla (1000× magnification). (B)Quantitative analysis of LGR7
staining, n = 4/group. (C) Representative slides of negative control, with no primary antibody was omitted.;
*p<0.05 and #p<0.05 vs virgin (V) and pregnant (P) groups, respectively.
doi:10.1371/journal.pone.0150096.g005
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another factor that, together with a deficient tubular fluid reabsorption, could compromise
maternal adaptation to pregnancy.
NO also has been implicated in the renal vasodilation that occurs during pregnancy because
nonselective NOS inhibitors prevent the gestational rise in GFR [58]. Increased NO production
in the kidney during pregnancy has been attributed to an upregulation of iNOS and nNOS
[59], but recent evidences suggest that nNOS is likely the main isoform responsible to increase
NO synthesis in the kidney during pregnancy [60]. In fact, we found iNOS expression
unchanged in the renal cortex and renal artery of the control pregnant rats, however iNOS was
significantly reduced by nicotine in both virgin and pregnant rats. This result suggests that nic-
otine may have an impact in the renal NO synthesis independently of gestation, however con-
sidering the relevance of NO to maternal adaptation to pregnancy this effect may be worse
during pregnancy.
Fig 6. Expression levels of inducible nitric oxide synthase (iNOS) mRNA in (A) renal artery and (B) renal
cortex; n = 6/group, *p<0.05 vs virgin (V) group.
doi:10.1371/journal.pone.0150096.g006
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In summary, this study demonstrated that chronic nicotine exposure caused more deleteri-
ous effects to pregnant rats than it did to virgin rats. Furthermore, these effects can potentially
impair the adaptation of the maternal animal to pregnancy.
Author Contributions
Conceived and designed the experiments: MAB VMF. Performed the experiments: VMF CSP
EM RBP. Analyzed the data: MAB VMF CTB RRC. Contributed reagents/materials/analysis
tools: MAB CTB RRC. Wrote the paper: MAB VMF CTB RRC.
References
1. Baylis C. The determinants of renal hemodynamics in pregnancy. Am J Kidney Dis. 1987; 9(4):260–4.
PMID: 3554995.
2. Bobadilla RA, Anguiano L, Perez-Alvarez V, Lopez Sanchez P. Pregnancy influence on the vascular
interactions between nitric oxide and other endothelium-derived mediators in rat kidney. Can J Physiol
Pharmacol. 2003; 81(1):1–8. PMID: 12665251.
3. Conrad KP, Gandley RE, Ogawa T, Nakanishi S, Danielson LA. Endothelin mediates renal vasodilation
and hyperfiltration during pregnancy in chronically instrumented conscious rats. Am J Physiol. 1999;
276(5 Pt 2):F767–76. PMID: 10330059.
4. Murphy JG, Fleming JB, Cockrell KL, Granger JP, Khalil RA. [Ca(2+)](i) signaling in renal arterial
smooth muscle cells of pregnant rat is enhanced during inhibition of NOS. Am J Physiol Regul Integr
Comp Physiol. 2001; 280(1):R87–99. PMID: 11124138.
5. Danielson LA, Conrad KP. Prostaglandins maintain renal vasodilation and hyperfiltration during chronic
nitric oxide synthase blockade in conscious pregnant rats. Circ Res. 1996; 79(6):1161–6. PMID:
8943954.
6. Ferreira VM, Gomes TS, Reis LA, Ferreira AT, Razvickas CV, Schor N, et al. Receptor-induced dilata-
tion in the systemic and intrarenal adaptation to pregnancy in rats. PLoS One. 2009; 4(3):e4845. doi:
10.1371/journal.pone.0004845 PMID: 19287481; PubMed Central PMCID: PMCPMC2653634.
7. Abreu N, Tardin JC, Boim MA, Campos RR, Bergamaschi CT, Schor N. Hemodynamic parameters dur-
ing normal and hypertensive pregnancy in rats: evaluation of renal salt and water transporters. Hyper-
tens Pregnancy. 2008; 27(1):49–63. PMID: 18293204. doi: 10.1080/10641950701825887
8. Ekpu VU, Brown AK. The Economic Impact of Smoking and of Reducing Smoking Prevalence: Review
of Evidence. Tob Use Insights. 8:1–35. Epub 2015/08/06. doi: 10.4137/TUI.S15628tui-8-2015-001
[pii]. PMID: 26242225; PubMed Central PMCID: PMC4502793.
9. Hukkanen J, Jacob P 3rd, Benowitz NL. Metabolism and disposition kinetics of nicotine. Pharmacol
Rev. 2005; 57(1):79–115. PMID: 15734728.
10. Rosembert J RA, Moraes MA. Nicotina. Droga Universal. São Paulo2003.
11. Hammond DK, Bjercke RJ, Langone JJ, Strobel HW. Metabolism of nicotine by rat liver cytochromes P-
450. Assessment utilizing monoclonal antibodies to nicotine and cotinine. Drug Metab Dispos. 1991; 19
(4):804–8. PMID: 1680658.
12. Hukkanen J, Jacob P 3rd, Peng M, Dempsey D, Benowitz NL. Effect of nicotine on cytochrome P450
1A2 activity. Br J Clin Pharmacol. 72(5):836–8. Epub 2011/05/24. doi: 10.1111/j.1365-2125.2011.
04023.x PMID: 21599724; PubMed Central PMCID: PMC3243019.
13. Dempsey D, Jacob P 3rd, Benowitz NL. Accelerated metabolism of nicotine and cotinine in pregnant
smokers. J Pharmacol Exp Ther. 2002; 301(2):594–8. PMID: 11961061.
14. Franken RA, Nitrini G, Franken M, Fonseca AJ, Leite JC. [Nicotine. Actions and interactions]. Arq Bras
Cardiol. 1996; 66(6):371–3. PMID: 9035456.
15. El-Mas MM, El-Gowilly SM, Fouda MA, Saad EI. Role of adenosine A2A receptor signaling in the nico-
tine-evoked attenuation of reflex cardiac sympathetic control. Toxicol Appl Pharmacol. 254(3):229–37.
Epub 2011/05/10. doi: S0041-008X(11)00153-0 [pii] doi: 10.1016/j.taap.2011.04.014 PMID: 21550361.
16. Orth SR. Effects of smoking on systemic and intrarenal hemodynamics: influence on renal function. J
Am Soc Nephrol. 2004; 15 Suppl 1:S58–63. PMID: 14684675.
17. Cooper RG. Effect of tobacco smoking on renal function. Indian J Med Res. 2006; 124(3):261–8. PMID:
17085829.
18. Tamaoki L, Oshiro-Monreal FM, Helou CM. Effects of nicotine exposure on renal function of normal and
hypercholesterolemic rats. Am J Nephrol. 2009; 30(4):377–82. Epub 2009/08/18. doi: 000235622 [pii]
doi: 10.1159/000235622 PMID: 19684386.
Nicotine and Maternal Adaptations to Pregnancy
PLOS ONE | DOI:10.1371/journal.pone.0150096 February 25, 2016 12 / 15
19. Nasr SH, D'Agati VD. Nodular glomerulosclerosis in the nondiabetic smoker. J Am Soc Nephrol. 2007;
18(7):2032–6. PMID: 17568019.
20. Hua P, FengW, Ji S, Raij L, Jaimes EA. Nicotine worsens the severity of nephropathy in diabetic mice:
implications for the progression of kidney disease in smokers. Am J Physiol Renal Physiol. 299(4):
F732–9. Epub 2010/08/06. doi: ajprenal.00293.2010 [pii] doi: 10.1152/ajprenal.00293.2010 PMID:
20685820; PubMed Central PMCID: PMC3774343.
21. Baron JA, La Vecchia C, Levi F. The antiestrogenic effect of cigarette smoking in women. Am J Obstet
Gynecol. 1990; 162(2):502–14. Epub 1990/02/01. PMID: 2178432.
22. Berta L, Frairia R, Fortunati N, Fazzari A, Gaidano G. Smoking effects on the hormonal balance of fertile
women. Horm Res. 1992; 37(1–2):45–8. Epub 1992/01/01. PMID: 1398476.
23. Jensen J, Christiansen C, Rodbro P. Cigarette smoking, serum estrogens, and bone loss during hor-
mone-replacement therapy early after menopause. N Engl J Med. 1985; 313(16):973–5. Epub 1985/
10/17. doi: 10.1056/NEJM198510173131602 PMID: 4047104.
24. Xiao D, Xu Z, Huang X, Longo LD, Yang S, Zhang L. Prenatal gender-related nicotine exposure
increases blood pressure response to angiotensin II in adult offspring. Hypertension. 2008; 51
(4):1239–47. PMID: 18259024. doi: 10.1161/HYPERTENSIONAHA.107.106203
25. Xiao D, Huang X, Lawrence J, Yang S, Zhang L. Fetal and neonatal nicotine exposure differentially reg-
ulates vascular contractility in adult male and female offspring. J Pharmacol Exp Ther. 2007; 320
(2):654–61. doi: 10.1124/jpet.106.113332 PMID: 17068201.
26. Zacny JP, de Wit H. Effects of a 24-hour fast on cigarette smoking in humans. Br J Addict. 1990; 85
(4):555–60. PMID: 2346795.
27. Baylis C. The mechanism of the increase in glomerular filtration rate in the twelve-day pregnant rat. J
Physiol. 1980; 305:405–14. Epub 1980/08/01. PMID: 7441561; PubMed Central PMCID:
PMC1282981.
28. Shimokawa A, Kunitake T, Takasaki M, Kannan H. Differential effects of anesthetics on sympathetic
nerve activity and arterial baroreceptor reflex in chronically instrumented rats. J Auton Nerv Syst. 1998;
72(1):46–54. PMID: 9760079.
29. Pontes RB, Crajoinas RO, Nishi EE, Oliveira-Sales EB, Girardi AC, Campos RR, et al. Renal nerve
stimulation leads to the activation of the Na+/H+ exchanger isoform 3 via angiotensin II type I receptor.
Am J Physiol Renal Physiol. 2015; 308(8):F848–56. doi: 10.1152/ajprenal.00515.2014 PMID:
25656367.
30. Yang Z, Coote JH. Paraventricular nucleus influence on renal sympathetic activity in vasopressin gene-
deleted rats. Exp Physiol. 2007; 92(1):109–17. doi: 10.1113/expphysiol.2006.034884 PMID:
17012145.
31. Nishi EE, Oliveira-Sales EB, Bergamaschi CT, Oliveira TG, Boim MA, Campos RR. Chronic antioxidant
treatment improves arterial renovascular hypertension and oxidative stress markers in the kidney in
Wistar rats. Am J Hypertens. 2010; 23(5):473–80. doi: 10.1038/ajh.2010.11 PMID: 20186128.
32. Rieg T. A High-throughput method for measurement of glomerular filtration rate in conscious mice. J
Vis Exp. 2013;(75: ):e50330. doi: 10.3791/50330 PMID: 23712131; PubMed Central PMCID:
PMCPMC3679673.
33. Gabrielsson J, Weiner D. Non-compartmental analysis. Methods Mol Biol. 929:377–89. Epub 2012/09/
26. doi: 10.1007/978-1-62703-050-2_16 PMID: 23007438.
34. Go RE, Hwang KA, Choi KC. Cytochrome P450 1 family and cancers. J Steroid BiochemMol Biol.
147:24–30. Epub 2014/12/03. doi: S0960-0760(14)00258-1 [pii] doi: 10.1016/j.jsbmb.2014.11.003
PMID: 25448748.
35. El-Sherbeni AA, El-Kadi AO. Characterization of arachidonic acid metabolism by rat cytochrome P450
enzymes: the involvement of CYP1As. Drug Metab Dispos. 42(9):1498–507. Epub 2014/06/28. doi:
dmd.114.057836 [pii] doi: 10.1124/dmd.114.057836 PMID: 24969701.
36. Agbor LN, Walsh MT, Boberg JR, Walker MK. Elevated blood pressure in cytochrome P4501A1 knock-
out mice is associated with reduced vasodilation to omega-3 polyunsaturated fatty acids. Toxicol Appl
Pharmacol. 264(3):351–60. Epub 2012/09/22. doi: S0041-008X(12)00403-6 [pii] doi: 10.1016/j.taap.
2012.09.007 PMID: 22995157; PubMed Central PMCID: PMC3494483.
37. Agbor LN, Wiest EF, Rothe M, SchunckWH, Walker MK. Role of CYP1A1 in modulating the vascular
and blood pressure benefits of omega-3 polyunsaturated fatty acids. J Pharmacol Exp Ther. 351
(3):688–98. Epub 2014/10/16. doi: jpet.114.219535 [pii] doi: 10.1124/jpet.114.219535 PMID:
25316121; PubMed Central PMCID: PMC4244579.
38. Lauritzen L, Carlson SE. Maternal fatty acid status during pregnancy and lactation and relation to new-
born and infant status. Matern Child Nutr. 2011; 7 Suppl 2:41–58. doi: 10.1111/j.1740-8709.2011.
00303.x PMID: 21366866.
Nicotine and Maternal Adaptations to Pregnancy
PLOS ONE | DOI:10.1371/journal.pone.0150096 February 25, 2016 13 / 15
39. El-Sherbeni AA, El-Kadi AO. Characterization of arachidonic acid metabolism by rat cytochrome P450
enzymes: the involvement of CYP1As. Drug Metab Dispos. 2014; 42(9):1498–507. doi: 10.1124/dmd.
114.057836 PMID: 24969701.
40. Massicotte G, St-Louis J, Parent A, Schiffrin EL. Decreased in vitro responses to vasoconstrictors dur-
ing gestation in normotensive and spontaneously hypertensive rats. Can J Physiol Pharmacol. 1987;
65(12):2466–71. Epub 1987/12/01. PMID: 3449203.
41. Paller MS CJ. The Kidney and Hypertension in Pregnancy. In: T K, editor. The Kidney. 2. Boston2004.
p. 1659–95.
42. Brooks VL, Dampney RA, Heesch CM. Pregnancy and the endocrine regulation of the baroreceptor
reflex. Am J Physiol Regul Integr Comp Physiol. 299(2):R439–51. Epub 2010/05/28. doi:
ajpregu.00059.2010 [pii] doi: 10.1152/ajpregu.00059.2010 PMID: 20504907; PubMed Central PMCID:
PMC2928618.
43. Easterling TR, Schmucker BC, Benedetti TJ. The hemodynamic effects of orthostatic stress during
pregnancy. Obstet Gynecol. 1988; 72(4):550–2. Epub 1988/10/01. PMID: 3419734.
44. Malpas SC. What sets the long-term level of sympathetic nerve activity: is there a role for arterial baro-
receptors? Am J Physiol Regul Integr Comp Physiol. 2004; 286(1):R1–R12. Epub 2003/12/09. doi: 10.
1152/ajpregu.00496.2003286/1/R1 [pii]. PMID: 14660468.
45. Jaimes EA, Tian RX, Raij L. Nicotine: the link between cigarette smoking and the progression of renal
injury? Am J Physiol Heart Circ Physiol. 2007; 292(1):H76–82. PMID: 16920799.
46. Kubo T. Central nicotinic regulation of arterial blood pressure. Corp PP, editor. New York1987.
47. Armitage AK. Effects of nicotine and tobacco smoke on blood pressure and release of catechol amines
from the adrenal glands. Br J Pharmacol Chemother. 1965; 25(2):515–26. Epub 1965/10/01. PMID:
5866729; PubMed Central PMCID: PMC1510748.
48. Whitescarver SA, Roberts AM, Stremel RW, Jimenez AE, Passmore JC. Nicotine impairs reflex renal
nerve and respiratory activity in deoxycorticosterone acetate-salt rats. Hypertension. 1991; 17(2):179–
86. Epub 1991/02/01. PMID: 1991650.
49. Jain G, Jaimes EA. Nicotine signaling and progression of chronic kidney disease in smokers. Biochem
Pharmacol. 86(8):1215–23. Epub 2013/07/31. doi: S0006-2952(13)00450-4 [pii] doi: 10.1016/j.bcp.
2013.07.014 PMID: 23892062; PubMed Central PMCID: PMC3838879.
50. Ritz E, Benck U, Franek E, Keller C, Seyfarth M, Clorius J. Effects of smoking on renal hemodynamics
in healthy volunteers and in patients with glomerular disease. J Am Soc Nephrol. 1998; 9(10):1798–
804. Epub 1998/10/17. PMID: 9773780.
51. Najem B, Houssiere A, Pathak A, Janssen C, Lemogoum D, Xhaet O, et al. Acute cardiovascular and
sympathetic effects of nicotine replacement therapy. Hypertension. 2006; 47(6):1162–7. Epub 2006/
05/03. doi: 01.HYP.0000219284.47970.34 [pii] doi: 10.1161/01.HYP.0000219284.47970.34 PMID:
16651463.
52. Ohara M, Martin PY, Xu DL, St John J, Pattison TA, Kim JK, et al. Upregulation of aquaporin 2 water
channel expression in pregnant rats. J Clin Invest. 1998; 101(5):1076–83. doi: 10.1172/JCI649 PMID:
9486978; PubMed Central PMCID: PMCPMC508659.
53. Cornelis T, Odutayo A, Keunen J, Hladunewich M. The kidney in normal pregnancy and preeclampsia.
Semin Nephrol. 31(1):4–14. Epub 2011/01/27. doi: S0270-9295(10)00172-5 [pii] doi: 10.1016/j.
semnephrol.2010.10.002 PMID: 21266261.
54. Baylis C. Glomerular filtration and volume regulation in gravid animal models. Baillieres Clin Obstet
Gynaecol. 1994; 8(2):235–64. Epub 1994/06/01. PMID: 7924007.
55. BoimMA, Draibe SA, Ramos OL, Ajzen H, Ulmann A, Schor N. Glomerular hemodynamics during abor-
tion induced by RU 486 and sepsis in rats. Braz J Med Biol Res. 1994; 27(6):1431–44. Epub 1994/06/
01. PMID: 7894359.
56. Novak J, Danielson LA, Kerchner LJ, Sherwood OD, Ramirez RJ, Moalli PA, et al. Relaxin is essential
for renal vasodilation during pregnancy in conscious rats. J Clin Invest. 2001; 107(11):1469–75. PMID:
11390429.
57. Conrad KP, Jeyabalan A, Danielson LA, Kerchner LJ, Novak J. Role of relaxin in maternal renal vasodi-
lation of pregnancy. Ann N Y Acad Sci. 2005; 1041:147–54. Epub 2005/06/16. doi: 1041/1/147 [pii] doi:
10.1196/annals.1282.022 PMID: 15956700.
58. Cadnapaphornchai MA, Ohara M, Morris KG Jr., Knotek M, Rogachev B, Ladtkow T, et al. Chronic
NOS inhibition reverses systemic vasodilation and glomerular hyperfiltration in pregnancy. Am J Phy-
siol Renal Physiol. 2001; 280(4):F592–8. Epub 2001/03/16. PMID: 11249850.
59. Alexander BT, Miller MT, Kassab S, Novak J, Reckelhoff JF, Kruckeberg WC, et al. Differential expres-
sion of renal nitric oxide synthase isoforms during pregnancy in rats. Hypertension. 1999; 33(1 Pt
2):435–9. PMID: 9931143.
Nicotine and Maternal Adaptations to Pregnancy
PLOS ONE | DOI:10.1371/journal.pone.0150096 February 25, 2016 14 / 15
60. Smith CA, Santymire B, Erdely A, Venkat V, Losonczy G, Baylis C. Renal nitric oxide production in rat
pregnancy: role of constitutive nitric oxide synthases. Am J Physiol Renal Physiol. 299(4):F830–6.
Epub 2010/07/16. doi: ajprenal.00300.2010 [pii] doi: 10.1152/ajprenal.00300.2010 PMID: 20630934;
PubMed Central PMCID: PMC2957259.
Nicotine and Maternal Adaptations to Pregnancy
PLOS ONE | DOI:10.1371/journal.pone.0150096 February 25, 2016 15 / 15
